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ABSTRACT: Much effort has been devoted to clarifying the
comparative toxicity of ZnO nanoparticles (NPs) and Zn ions;
however, little is known about their toxicodynamic processes at the
metabolic level. Here, we investigated the acute (2d) and chronic
(7d) effects to a soil species, Enchytraeus crypticus, of two sublethal
doses of ZnO-NPs and ZnCl2 (10 and 30 mg/L Zn) using
ultrahigh performance liquid chromatography-quadrupole-time-of-
flight/mass spectrometry-based metabolomics. The metabolomics
analysis identified 99, 128, 121, and 183 significantly changed
metabolites (SCMs) in E. crypticus exposed to ZnO-NPs for 2d,
ZnCl2 for 2d, ZnO-NPs for 7d, and ZnCl2 for 7d, respectively,
suggesting that ZnCl2 induced stronger metabolic reprogramming
than ZnO-NPs, and a longer exposure time caused greater
metabolite changes. Among the SCMs, 67 were shared by ZnO-NPs and ZnCl2 after 2d and 84 after 7d. These metabolites
were mainly related to oxidative stress and antioxidant defense, membrane disturbance, and energy expenditure. The targeted
analysis on physiological and biochemical responses further proved the metabolic observations. Nevertheless, 32 (33%) and 37
(31%) SCMs were found only in ZnO-NP treatments after 2 and 7d, respectively, suggesting that the toxicity of ZnO-NPs cannot be
solely attributed to the released Zn ions. Metabolic pathway analysis revealed significant perturbations of galactose metabolism,
amino sugar and nucleotide sugar metabolism, and glycerophospholipid metabolism in all test groups. Based on involvement
frequency, glucose-1-phosphate, glycerol 3-phosphate, and phosphorylcholine could serve as universal biomarkers for exposure to
different Zn forms. Four pathways perturbed by ZnO-NPs were nanospecific upon acute exposure and three upon chronic exposure.
Our findings demonstrated that metabolomics is an effective tool for understanding the molecular toxicity mechanism and
highlighted that time-series measurements are essential for discovering and comparing modes of action of metal ions and NPs.
■ INTRODUCTION
Metal oxide nanoparticles (NPs), such as ZnO-NPs, possessing
the mixed properties of metal materials and NPs, have found
widespread application in household, commercial, industrial,
and agricultural sectors.1,2 A recent estimation indicates that
annually 5500 tons of ZnO-NPs are produced in the form of
various products.3 The manufacture, use, and disposal of NP-
containing products result in the release of large amounts of
NPs into the environment with the majority of them ending up
in soil.4 The predicted environmental concentrations of ZnO-
NPs were 10−1 to 104 μg/L in surface waters, 10−1 to 101 μg/L
in waste water treatment plant effluents, 101 to 102 μg/g in
biosolids, and 100 to 102 μg/kg in soils and soils treated with
biosolids.5 This raises the urgent need to evaluate the potential
environmental and health risks of NPs.
ZnO-NPs have been shown to exert toxicological impact on
a variety of organisms (e.g., daphnia, algae, fish, earthworms,
springtails, and plants),2,6,7 but the nanospecific toxicity of
ZnO-NPs is still a matter of debate. Some studies explained the
toxicity of ZnO-NPs as an effect of the released zinc ions,8,9
whereas others attributed the toxicity to the adherence of
particles on the surface of the organism or particle internal-
ization.10,11 Ionic Zn released from NPs is clearly toxic at
elevated levels, but the ZnO particles may also provoke stress
responses via inducing reactive oxygen species (ROS) or
directly interacting with biomacromolecules.2,12 More mecha-
nistic information is needed to potentiate the discrimination of
unique nanospecific effects.
The effects of ZnO NPs, or broadly NPs, on soil animals
(e.g., enchytraeids, earthworms, and springtails) were often
studied at the organismal level with growth, reproduction, and
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survival as the toxicological endpoints.13−15 According to the
adverse outcome pathways (AOPs) concept, these organismal
effects normally occur at a later stage of toxicity (thus less
sensitive) than effects at lower levels of biological organ-
ization.16 Accordingly, the endpoints at the organismal level
may not show significant responses at environmentally relevant
exposure concentrations.17 In comparison, the effects at the
molecular level are more sensitive and can provide a deeper
insight into the subtle responses of complex biological systems
under NP stress.18 Omics-based approaches such as genomics,
transcriptomics, proteomics, and metabolomics have been
successfully applied in identifying certain molecular responses,
which point to the underlying toxic mechanisms and
pathways.12,18−20 Compared to other omics technologies,
metabolomics is gaining more attention now than ever
before.21 This is because metabolites are the terminal
downstream products of gene expression and represent
functional entities, whereas genes and proteins may be affected
by epigenetic regulation and posttranslational modifications.22
In other words, metabolomics represents the final “omic” level
in a biological system, which can provide a snapshot of what
has certainly happened and is happening in the organism.19 At
present, metabolomic studies regarding nanotoxicity mostly
focus on aquatic species17,23,24 and plants,19,25,26 and much
lesser work has been conducted on soil animals. Moreover,
there is often a lack of targeted analysis on the mechanistic
effects indicated by metabolic observations.
To obtain a better understanding of the mode of action of
NPs, it is equally important to select the appropriate dose and
duration of exposure.27 The majority of previous toxicological
studies have been performed by means of short-term exposure
to a high dose.12,28 However, in the natural environment,
organisms are more often subject to long-term low-level
exposure.23 The acute exposure of NPs at trace levels may
show negligible or limited effect, whereas longer exposure time
is valuable for revealing the cumulative effect.28 Our recent
study has demonstrated that exposure of Enchytraeus crypticus
to low concentrations of ZnO NPs caused no mortality from
day 1 to day 4, but an apparent decline in survival rates was
observed from day 7 to day 14.7 Hydrogen-1 NMR-based
metabolomic analyses have also revealed heightened Eisenia
fetida response with prolonged exposure to phenanthrene.29
From the perspectives of toxicokinetics and toxicodynamics, it
is expected that the organism will take certain time to respond
to the exposure and then reprogram the levels of metabolites to
resist and/or tolerate the toxic effect.23,30 Hence, it is
important to monitor the fluctuations in the metabolic
responses of the organisms with time. To our knowledge,
applying a dynamic and metabolomic approach to investigate
the comparative toxicity of NPs and their ionic counterparts
has rarely been done before. Studies exploring this knowledge
gap would be useful for clarifying nanotoxicity and for
discovering early biomarkers of phenotypic changes.
Against this background, this work examined the acute and
chronic effects to a key soil species, E. crypticus of two sublethal
doses of ZnO-NPs and ZnCl2 using mass spectrometry-based
nontargeted metabolomics. Special attention was paid to (1)
identify the differential metabolites and associated biological
pathways for both ZnO-NPs and ionic Zn exposures, (2) see
whether ZnO-NPs, despite showing the same “invisible” effects
as Zn2+ ions, are able to cause distinct metabolic responses,
and (3) determine how time may affect the nature of the
difference in metabolic profiles between the different Zn forms.
Regardless of metal forms, a higher exposure dose and a longer
exposure duration were expected to induce more apparent
metabolic changes. Assuming that the released Zn ions play a
dominant role in the toxicity of ZnO-NPs, the metabolic
responses of E. crypticus to ZnO-NPs would be less
pronounced than that to ZnCl2 at an equivalent concentration
of Zn, and this difference may become smaller with increasing
exposure time considering the gradual dissolution of ZnO-NPs.
The targeted analyses of physiological and biochemical
responses as indicated by the metabolic observations were
further performed for validation purpose. In addition,
previously we showed the different dynamic accumulation
and toxicity patterns of ZnO-NPs and ionic Zn in E. crypticus
at the organismal level.7 Here, the metabolic reprogramming
by E. crypticus was linked to the previously reported
toxicokinetic and toxicodynamic processes of ZnO-NPs and
ionic Zn at the organismal level, which is expected to provide
new insights into the mechanisms employed by soil animals to
cope with these two different Zn forms.
■ MATERIALS AND METHODS
Test Chemicals. ZnO-NPs (nominal size <50 nm) and
ZnCl2 (purity > 99%) were obtained from Sigma-Aldrich.
Scanning electron microscopy (SEM) and dynamic light
scattering were used for the characterization of ZnO-NPs,
and the results were reported in our previous study.7 In brief,
the SEM image demonstrated that ZnO-NPs mainly existed as
spherical particles with a particle size of 24−48 nm. The
hydrodynamic diameters of the ZnO-NPs increased from 258
± 12 to 1500 ± 275 with the increasing incubation time (0, 1,
5, 24, 96, and 168 h) (see Table S1 for details).
Test Organism. The ecologically relevant soil-living worm,
E. crypticus (Oligochaeta: Enchytraeidae) was used as the test
species. The sensitivity to various stressors, well-characterized
genome, ease of maintenance, and short reproduction cycle
make it a preferred model species for toxicological studies.31,32
The worms were maintained on an agar gel medium in a
climate chamber (20 °C, 75% relative humidity, and complete
darkness). Oatmeal and yolk powder were provided regularly
as the food source.7 Adult worms (body length: 0.8−1.2 cm,
wet weight: 1.0−1.5 mg) with clearly visible clitellum were
used for the toxicity tests.
Toxicity Tests. Toxicities of ZnO-NPs and ZnCl2 to E.
crypticus were studied using a simulated soil solution-quartz
sand system. The simulated soil solution was mainly composed
of 0.2 mM CaCl2, 2.0 mM NaCl, 0.05 mM MgSO4, and 0.078
mM KCl. The preparation of this exposure medium was
described in detail elsewhere.33 The worms were exposed to
different levels of Zn (0, 10, and 30 mg/L) spiked with ZnO-
NPs and ZnCl2 for 2 and 7 days, separately (denoted as:
Control_2d, ZnO_10_2d, ZnO_30_2d, ZnCl2_10_2d,
ZnCl2_30_2d, Control_7d, ZnO_10_7d, ZnO_30_7d,
ZnCl2_10_7d, and ZnCl2_30_7d). In our previous study, we
have shown that the 7 days LC50 of ZnO-NPs and ZnCl2 were
72 and 62 mg/L of Zn, respectively, for E. crypticus in the same
exposure system, and no mortality was observed at
concentrations up to approximately 30 mg/L of Zn7. In the
present study, the toxicity exposure was performed in a glass
jar filled with 20.0 g quartz sand and 5.5 mL test solution
containing different concentrations of Zn. Twenty worms were
introduced into each glass jar and six replicates were used for
each treatment. In order to meet the quantity requirement for
metabolite analysis, each replicate was composed of four jars,
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that is, in total 20 × 4 = 80 individuals. The tests were run in
the climate chamber at 20 °C, 75% relative humidity, and a
cycle of 16 h light-8 h dark. During the experiment, the jars
were weighed daily and demiwater was added to replenish
water loss. At the end of the test, no mortality of worms were
observed. The surviving worms were collected, weighed, frozen
with liquid N2, and stored at −80 °C for further analysis. Body
Zn concentration was analyzed using inductively coupled
plasma−mass spectrometry (ICP−MS) after acid digestion of
freeze dried worms.
Metabolite Extraction and Ultrahigh Performance
Liquid Chromatography-Quadrupole-Time-of-Flight/
Mass Spectrometry Analysis. For the extraction of
metabolites, each pooled sample containing ∼80 individuals
(80−120 mg) was thawed at 4 °C. Then, 200 μL of ultrapure
water and 800 μL of methanol/acetonitrile (1:1, v/v) were
added to each sample which was homogenized by an MP
homogenizer (6.0 m/s, 60 s, twice). The homogenate was
sonicated twice (30 min/once) at low temperature (0−4 °C);
the mixture was then centrifuged for 15 min (13,000 rpm, 4
°C). The collected supernatant was dried in a vacuum
centrifuge and stored at −80 °C. Before the analysis of
metabolites, the samples were redissolved in 100 μL of an
acetonitrile/water (1:1, v/v) solvent. Quality control (QC)
samples were prepared by mixing equal aliquots of all samples
of different treatments.
Metabolite profiling of E. crypticus was performed using
ultrahigh performance liquid chromatography (UHPLC)
(1290 Infinity LC, Agilent Technologies) coupled with
quadrupole time-of-flight (Q-TOF) (AB Sciex TripleTOF
6600). All samples used for metabolomics were analyzed as a
single batch in a random order. The QC samples were injected
once for every 10 samples to monitor and evaluate the stability
of the system and the reliability of the experimental data.
Electrospray ionization (ESI) was used for mass detection.
Mass spectra were acquired in both ESI cationic and anionic
modes. The operational conditions of the equipment and data
acquisition are described in Text S1.
Data Processing and Statistical Analysis. After data
normalization (Pareto scaling) and data transformation (log
transformed), principal component analysis (PCA) and partial
least-squares-discriminant analysis (PLS-DA) were run using
SIMCA-P 14.1 (Umetrics, Umea, Sweden). PCA was used to
reduce the complexity of metabolites data matrix and to
summarize the similarities and differences between each
sample group. PLS-DA is a supervised clustering method,
which uses a multiple linear regression technique to maximize
the separation between groups and helps to understand which
variables carry the class separating information.34 The variable
importance in projection (VIP) value of each variable in the
PLS-DA model was calculated to indicate its contribution to
the classification. Metabolites with VIP value > 1.0 and p value
< 0.05 (one-way ANOVA) were regarded as the ones that were
significantly influenced by Zn exposure.
Multiple Experiment Viewer (MeV 4.9) was used for
hierarchical clustering analysis of the relative expression data
of the identified metabolites. Heatmap was presented as a
visual aid to show the trend of metabolite change. The
identified discriminating metabolites were further analyzed to
determine the relevant biological pathways using MetaboAna-
lyst 3.0 (http://www.metaboanalyst.ca/), which combines
results from powerful pathway enrichment analysis with
Figure 1. Changes in body weights (A), body Zn accumulation (B), SOD (C), POD (D), CAT (E), GSH (F), MDA (G), glycogen (H), NEFA
(I), protein (J), ATPase (K), and relative fluorescence intensity (L) of E. crypticus exposed to different concentrations of ZnO-NPs and ZnCl2 (0,
10, and 30 mg Zn/L) for 2 and 7 days, respectively. Body weights were obtained by weighing the pooled samples (80 individuals) in each replicate.
The values labeled with the same letter are not significantly different at p < 0.05 level by Tukey’s post-hoc test.
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pathway topology analysis. The pathways with p value < 0.05
(enrichment analysis) and impact value >0.1 (pathway
topology analysis) were considered as potentially affected.35
Measurements of Dissolution of ZnO-NPs. A dis-
solution experiment was performed to determine the dynamic
release of Zn2+ from ZnO-NPs. The ZnO-NPs treatments with
initial concentrations of 10 and 30 Zn mg/L were prepared
following the same steps for toxicity tests. For each
concentration, seven sampling time points (1 h, 1, 2, 4, 7,
10, and 14 d) were selected to gain a full picture of dissolution
dynamics of ZnO NPs. The amount of released Zn ions was
determined by ultrafiltration of the stimulated soil solution
over a 30 kDa ultrafilter (Sartorius) and centrifugation at 4000
rpm for 25 min.36 In this way, the ZnO particles were retained
on the filter, whereas the released Zn2+ were determined by
measuring the Zn concentration in the ultrafiltrate with ICP−
MS.
Measurements of Oxidative Stress, Energy Reserve,
and Membrane Integrity. In a parallel exposure experiment,
the oxidative stress-related (superoxide dismutase (SOD),
peroxidase (POD), catalase (CAT), glutathione (GSH), and
malondialdehyde (MDA)) and energy store-related (glycogen,
non-esterified fatty acid (NEFA), and total protein) parame-
ters in the frozen worms were determined by commercial assay
kits (Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions (www.njjcbio.
com). Membrane permeability of the surviving E. crypticus was
examined using confocal laser scanning microscopy (Leica,
TCS SP2, Bensheim, Germany) after propidium iodide (PI)
staining.37 The relative fluorescence intensity was quantified
using ImageJ (open source application).
■ RESULTS AND DISCUSSION
Dissolution Dynamics of ZnO-NPs. The concentrations
of dissolved Zn were measured in ZnO-NPs treatments during
14 days of incubation (Table S2). The ZnO-NPs exhibited a
gradual dissolution with increasing incubation time, with the
percentage of released Zn2+ in ZnO-NPs treatments of 10 and
30 mg Zn/L increasing from 19 to 31% and from 5 to 11%,
respectively. It seemed that a higher concentration of ZnO-
NPs resulted in a lower rate of ion release. However, the total
quantities of released Zn2+ at each time point were similar.
After 2 days, the concentrations of released Zn2+ were 2.45 and
2.53 mg/L for the 10 and 30 mg Zn/L ZnO-NPs treatments,
respectively. These values were 3.01 and 3.22 after 7 days.
Body Weight and Body Zn Accumulation. After
exposure for either 2 days or 7 days, there were no significant
differences in body weight between the control and Zn-
exposed animals (Figure 1A). However, it appeared that
increasing the ZnO-NPs or ZnCl2 concentrations from 10 to
30 mg Zn/L slightly decreased the body weight of the animals
at day 7, indicating a possible stress response. Nevertheless,
more sensitive endpoints that focus on molecular changes
within the organisms are desired and would shed new insights
into toxicity mechanisms as compared to the more gross
measures such as body weight.26 The body Zn concentrations
of E. crypticus increased with increasing exposure duration and
exposure concentrations of ZnO-NPs or ZnCl2 (Figure 1B). At
Figure 2. PCA and PLS-DA of the metabolic profiles in E. crypticus exposed to different concentrations of ZnO-NPs and ZnCl2 (0, 10, and 30 mg
Zn/L) for 2 and 7 days, respectively. Positive ion mode (A,B): R2Xcum = 0.648, Qcum
2 = 0.552 for PCA, R2Xcum = 0.704, R
2Ycum = 0.759, Qcum
2 =
0.415 for PLS-DA. Negative ion mode (C,D): R2Xcum = 0.598, Qcum
2 = 0.368 for PCA, R2Xcum = 0.279, R
2Ycum = 0.208, Qcum
2 = 0.182 for PLS-DA.
Ellipse: Hotelling’s T2 (95%).
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an equivalent Zn exposure, the differences in body Zn
concentrations between ZnO-NP- and ZnCl2-exposed groups
were not statistically significant after short-term exposure (p >
0.05), whereas the body Zn concentrations in ZnO-NP-
exposed groups were significantly higher than those in the
groups exposed to ZnCl2 after long-term exposure (p < 0.05).
Dynamic aspects should therefore be considered in under-
standing the uptake and subsequent toxicity of these two Zn
forms.
In a companion study with broader ranges of Zn
concentrations and longer exposure time (14 days), the
toxicokinetic−toxicodynamic (TK−TD) models have been
applied to simulate the processes that lead to ZnO-NPs and
ZnCl2 toxicity at the level of organisms over time.
7 The
estimated kinetic parameters of ZnO-NPs and ZnCl2 in E.
crypticus, at the exposure concentrations of 10 and 30 mg Zn/L
adopted in the present study, were derived (Table S3). For all
Zn treatments, the uptake rate constants (Ku) were higher than
the depuration rate constants (Kd). According to the critical
Figure 3. Hierarchical clustering of SCMs (p < 0.05 and VIP > 1) in E. crypticus after exposure to ZnO-NPs and ZnCl2 at different exposure
concentrations and exposure times. Using the normalized relative expression data, 107 metabolites in the positive ion mode (A) and 57 metabolites
in the negative ion mode (B) were clustered.
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body residue theory, when the rate of metal uptake exceeds the
rate of detoxification and depuration, the metal will accumulate
in the animals and trigger toxic effects once the critical body
metal burden is reached.38 It has also been recognized that
metal detoxification itself is an energy-cost process, which can
be witnessed as indirect physiological effects on body weight,
reproduction, and survival.39,40 At the same Zn exposure
concentration, the Ku and Kd values of ZnO-NPs were smaller
than those of ZnCl2. The biological half-life was longer for
ZnO-NPs than for ZnCl2. These results quantitatively reflected
the differences in TK−TD processes between nanoparticulate
Zn and ionic Zn. The molecular mechanisms for the
differences were explored by looking at the metabolic profiles
in the animals.
Metabolic Responses of E. crypticus Exposed to ZnO-
NPs and ZnCl2. Initially, unsupervised PCA was performed
on all test groups to provide an overview of the real differences
between groups and variabilities in each group. In the PCA
scores plot (Figure 2A,C), a rough separation was visible
between control and Zn-exposed groups, indicating altered
metabolic profiles in E. crypticus under different treatments.
Clear separation was observed between acute (2d) and chronic
(7d) exposure groups along the first principle axis. This
highlighted the importance of exposure time for metabolic
reprogramming. It has been reported that the baseline
metabolite changes spanning the normal growth stages of
Daphnia similis exhibited a rapid and dynamic pattern.23
Hence, in our study, the changes in metabolic profiles due to
ZnO-NPs and ZnCl2 treatments were compared with their
matched controls at the same exposure duration.
Supervised PLS-DA was further employed on all test groups
to maximize the separation between groups and to find the
responsible metabolites leading to this separation. In the PLS-
DA scores plot (Figure 2B,D), the low-dose ZnO-NPs groups
(ZnO_10_2d and ZnO_10_7d) were gathered together with
their corresponding control groups (Control_2d and Con-
trol_7d), whereas high-dose ZnO-NPs groups and all ZnCl2-
exposed groups were well separated from their corresponding
control groups. This suggested a dose-dependent and metal
form-dependent manner of metabolic responses. For all test
groups, a total of 107 and 57 significantly changed metabolites
(SCMs; VIP > 1 and p < 0.05) under positive and negative
mode, respectively, were determined. To globally characterize
metabolic perturbations of E. crypticus, the normalized mass
spectral signal intensities of the SCMs in all exposure groups
were subjected to hierarchical clustering (Figure 3). Upon
increasing exposure levels and exposure time, the differences in
expression patterns of metabolites between control and Zn-
exposed groups became more apparent, whereas the differ-
ences between ZnO-NPs and ZnCl2 groups became smaller.
To further focus on the key differences between Zn forms
while removing the time influence, we compared the metabolic
responses of ZnO-NPs versus ZnCl2 at an equivalent
concentration of Zn and at a single time point (Figure 4).
Generally, there was an apparent separation between ZnO-
NPs- and ZnCl2-exposed groups for all four comparisons. Low
dose of ZnO-NPs (10 mg/L) did not induce significant
metabolic changes as compared to the control at day 2, but the
distinct metabolic responses were observed at day 7. At the
same exposure level of Zn, the metabolic response of E.
crypticus to ZnO-NPs was less pronounced than that to ZnCl2
(Figures 3 and 4), despite the (slightly) higher body
concentration in ZnO-NPs treatments. This echoed the
findings that ZnO-NPs generally had less impact than ZnCl2
on life history traits and immune activity of the earthworm,
Eisenia veneta under an equivalent Zn exposure.41 Given the
fact that body Zn concentrations were slightly higher for ZnO-
NPs treatments, certain aspects of NP structure or behavior
may play a role in alleviating their toxicity even when
accumulated in the organism. For instance, ZnO-NPs could
remain as particles and not dissolve in the animal tissues to
release Zn ions. These findings also suggests that the released
Zn2+ may be the primary contributors to the toxicity of ZnO-
NPs.
Metabolites Altered in Different Exposure Groups
and Their Biological Functions. In order to elucidate the
molecular toxicity and detoxification mechanisms of metal ions
and nanoparticles and to determine how time may affect the
nature of difference in metabolic profiles between the different
Zn forms, we conducted PLS-DA for control versus ZnO-
Figure 4. PLS-DA of the metabolic profiles in E. crypticus exposed to ZnO-NPs and ZnCl2 at an equivalent concentration of Zn (10 or 30 mg Zn/
L) and a single time point (day 2 or 7). Specifically, the grouped comparisons included: Control_2d vs ZnCl2_10_2d vs ZnO_10_2d (A,B),
Control_2d vs ZnCl2_30_2d vs ZnO_30_2d (C,D), Control_7d vs ZnCl2_10_7d vs ZnO_10_7d (E,F), and Control_7d vs ZnCl2_30_7d vs
ZnO_30_7d (G,H).
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exposed samples and control versus ZnCl2-exposed samples at
each time point separately (Figures S2−S5). The metabolites
identified from the positive ion mode and negative ion mode
were merged together. This step allowed determining 99, 128,
121, and 183 SCMs (VIP > 1 and p < 0.05) in E. crypticus
exposed to ZnO-NPs for 2 d, ZnCl2 for 2 d, ZnO-NPs for 7 d,
and ZnCl2 for 7 d, respectively (Tables S4−S7). Generally,
these SCMs could be classified into the following categories:
(I) amino acids, peptides, and analogues, (II) nucleosides,
nucleotides, and analogues, (III) carbohydrates and carbohy-
drate conjugates, (IV) lipids and lipid-like molecules, (V)
organoheterocyclic compounds, and (VI) others. The
proportion of the SCMs in different categories is depicted in
Figure 5A. In all exposure groups, more than half (52−67%) of
the SCMs belonged to category I (mainly dipeptides), whereas
the proportions of the SCMs in each of the other four
categories were between 4 and 12%. In accordance with the
number and fold changes of differential metabolites (Tables
S4−S7), ZnCl2_7d had the greatest impact on the magnitude
and spectrum of metabolic reprogramming, followed by
ZnCl2_2d, ZnO_7d, and ZnO_2d. An Edwards−Venn
diagram was constructed to show the overlapping and specific
SCMs after exposure to ZnO-NPs and ZnCl2 (Figure 5B). A
total of 38 SCMs were shared by all four exposure groups.
There were 67 and 84 overlapping SCMs between ZnO-NPs
and ZnCl2 groups at day 2 and day 7, respectively.
Approximately 30% of SCMs in ZnO_2d (32 out of 99) and
ZnO_7d (37 out of 121) groups were nanospecific. Our results
thus suggested that both nanoparticles and released ions
contributed to the toxicity of ZnO-NPs at the metabolic level.
The SCMs in different exposure groups were further
interpreted according to their biological functions.
Oxidative Stress and Antioxidant Defense. Alterations in
glutathione disulfide (GSSG), L-pyroglutamic acid, and 5-L-
glutamyl-L-alanine were observed in all exposure groups
(Tables S4−S7). These metabolites are known to participate
in glutathione metabolism. GSH and GSSG are biologically
important intracellular thiols, and alterations in the ratio
between GSH and GSSG (oxidative stress index) are often
used to assess exposure of cells to oxidative stress.42 A strong
downregulation (up to 2.9-fold) of L-carnosine was observed in
all exposure groups except ZnO_2d (Tables S4−S7). L-
carnosine (beta-alanyl-L-histidine) is a dipeptide with anti-
oxidant activity and found exclusively in animal tissues.43,44 Xu
et al.45 reported that L-carnosine levels increased in the tea tree
oil-treated Botrytis cinerea as a protective response against
H2O2-induced oxidative stress. In the present study, the
antioxidant enzyme activities (SOD, POD, and CAT) and the
contents of GSH and MDA in the worms were further
determined (Figure 1C,G). Changes in the activity of SOD,
POD, and CAT showed inconsistent patterns; however, a
larger increase or decrease was generally observed in high-dose
and long-term exposures. The depletion of GSH was observed
upon exposure. GSH can scavenge excess ROS and be oxidized
to GSSG.42 The levels of MDA were increased in the Zn
exposed samples. MDA is generated during lipid peroxidation,
serving as a marker of oxidative stress.46 In a previous study,
the activity of SOD in fresh water mussels (Unio tumidus) was
significantly elevated after exposure to Zn2+ and ZnO-NPs.47
At the genomic level, the upregulation of oxidative stress-
related genes in Arabidopsis thaliana was observed upon
exposure to Cu2+ and CuO-NPs.48 The present study, together
with previous toxicological studies performed at different levels
of biological organization, points to the activation of cellular
antioxidant processes for protecting organisms against nano-
toxicity.
Membrane Disturbance. Exposure to ZnO-NPs and ZnCl2
generally induced a decrease in phosphatidylcholine, glycer-
ophosphocholine, and phosphorylcholine and an increase in
glycerol 3-phosphate and sn-glycerol 3-phosphoethanolamine.
All of these metabolic shifts are indicative of Zn-induced
disruption of glycerophospholipid metabolism, which is closely
correlated to the membrane state.26 Phosphatidylcholines are
key components of the lipid bilayer of cells.49 Phosphatidyl-
cholines can be reversely converted to glycerophosphocho-
line.50 Phosphorylcholine is the only phospholipid of the
membrane that is not built with a glycerol backbone. Glycerol
3-phosphate and sn-glycerol 3-phosphoethanolamine are the
downstream products of glycerophospholipid metabolism.
Increased levels of phosphorylcholine-containing lipids in the
Figure 5. Proportion of SCMs in different categories after 2 and 7 days of exposure to ZnO-NPs and ZnCl2 (A) and the Edwards−Venn diagram of
the total number of SCMs (B). The total numbers of SCMs in ZnO_2d, ZnO_7d, ZnCl2_2d, and ZnCl2_7d groups were 99, 121, 128, and 183,
respectively. The SCMs were obtained by conducting PLS-DA analyses for each Zn-exposed group vs the matched control group (VIP > 1 and p <
0.05). Note: the metabolites identified from the positive ion mode and negative ion mode were merged together.
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lung tissues and decreased levels of glycerophosphocholine in
the bronchoalveolar lavage fluid of rats were observed after
ZnO-NPs exposure.50 In our study, the unsaturated fatty acids
alpha-linolenic acid, linoleic acid, and arachidonic acid were
significantly downregulated in ZnO_2d and ZnCl2_2d groups,
but not in the 7-day exposure groups (Tables S4−S7). Alpha-
linolenic acid is an important structural component of the cell
membrane. When incorporated into phospholipids, they affect
cell membrane properties such as fluidity, flexibility, perme-
ability, and the activity of membrane-bound enzymes.51 The
downregulation of linolenic and linoleic acids was also
observed in cucumber (Cucumis sativus) after AgNPs and
Ag+ treatments.26 A few other fatty acids, including azelaic
acid, palmitic acid, valeric acid, mevalonic acid, cis-9-
palmitoleic acid, oleic acid, capric acid, dodecanoic acid, and
citraconic acid, were up- or downregulated depending on metal
forms and exposure time (Tables S4−S7). One possible
explanation for the differential expressions of fatty acids is lipid
peroxidation leading to membrane damage. Another possibility
is that animals adjust the membrane composition to maintain/
rebuild the stability and integrity of the membrane. To prove
the effects of Zn exposure on membrane permeability, we
performed PI staining in the worms. PI is highly fluorescent
when bound to nucleic acids. It is membrane-impermeable and
therefore cannot stain normal cells. The fluorescence images
and the relative fluorescence intensity of the exposed worms
are shown in Figures S6 and 1L. The degree of membrane
damage, as reflected from the fluorescence intensity, was
exacerbated with increasing exposure concentration and time.
The fluorescence intensity was higher in ZnCl2 than in ZnO-
NPs treatments upon acute exposure, whereas the fluorescence
intensity was identical in the worms exposed to different Zn
forms at equivalent Zn concentration upon chronic exposure.
The membrane damage by nanoparticles has also been proven
before. For instance, polystyrene latex nanoparticles induced
severe damage and holes on the cell membrane as revealed by
hopping probe ion conductance microscopy.52 These findings
imply that nanoparticles can change the membrane state either
directly or indirectly by interfering with membrane lipid
biosynthesis and fatty acid composition.
Energy Expenditure. The response of organisms to metals
may be also reflected by the alteration of energy reserves
because additional energy is required for stress resistance, such
as the maintenance of basal metabolism for survival and
reproduction and metal detoxification.53,54 In the present
study, the energy-related metabolites, such as adenine, glycerol
3-phosphate, and glucose 1-phosphate, were significantly
affected by ZnO-NPs and ZnCl2 exposures (Tables S4−S7).
Figure 6. Pathway analysis of E. crypticus exposed to ZnO-NPs and ZnCl2 for 2 and 7 days, respectively. The number of involved metabolites in
each pathway are indicated in brackets. The pathways with p value < 0.05 (enrichment analysis) and impact value >0.1 (pathway topology analysis)
were considered as potentially affected. See Tables S8 and S9 for details.
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Adenine forms adenosine, a nucleoside, which further forms
adenosine triphosphate (ATP) when three phosphate groups
are added to adenosine. Glycerol 3-phosphate is a chemical
substance which can be utilized for production of energy in the
organism. Glucose 1-phosphate could be interconverted by the
enzyme phosphoglucomutase to become glucose 6-phosphate.
Free glucose 1-phosphate can also react with uridine
triphosphate (UTP) to form the active nucleotide, uridine
diphosphate glucose (UDP-glucose) (glucose-1-phosphate +
UTP ⇌ UDP-glucose + pyrophosphate). An obvious decrease
of uridine diphosphategalactose (UDPgal) was found in both
ZnO-NP and ZnCl2 treatments, with approximately 2-fold
changes. UDPgal is a nucleoside diphosphate sugar, which
joins in the galactose metabolism and amino sugar and
nucleotide sugar metabolism. Furthermore, the impacts of
different Zn forms on the energy budget of E. crypticus were
assessed using the total content of glycogen, lipids (NEFA),
and proteins and the activity of ATPase as indicators (Figure
1H,J). The Zn exposures induced an obvious reduction of
NEFA and protein reserves and an inhibition of ATPase,
whereas the content of glycogen was not affected. When
looking at the NEFA contents, a greater reduction in NEFA
was observed in ZnCl2 treatments than in ZnO-NPs treatments
at day 2 and this difference became smaller at day 7. Adam et
al.55 also reported the reduced energy reserves (lipids and
proteins) of Daphnia magna exposed to CuO-NPs. Upon
exposure to Cd and Zn, the lipid contents in E. albidus
decreased with increasing exposure concentration and time,
but the reduction of carbohydrate content was only found after
4−8 days of exposure. These nontargeted and targeted
analyses clearly demonstrated that the energy metabolism of
E. crypticus was disturbed by the Zn exposures and these effects
were time-dependent.
Metabolite Changes Specific to ZnO-NPs. There were
eight metabolites that were significantly regulated by both
ZnO_2d and ZnO_7d, but not ZnCl2 treatments (Figure 5B).
Using a more rigorous cutoff of VIP > 1.5, two interesting
metabolites (ergothioneine and riboflavin) were screened out
and can potentially be used as early warning signs of ZnO-NPs
toxicity. Ergothioneine is an important active material in the
body with many physiological functions, such as scavenging
free radicals, detoxification, maintaining DNA biosynthesis,
normal growth of cells, and cellular immunity.47,56 Moreover,
ergothioneine could protect DNA mitochondrial components
from the damage from electron-transferred ROS, helping to
maintain the structure and function of mitochondria. As
mitochondria are important sites for ATP synthesis,
ergothioneine is directly related to the energy supply of
various life activities in cells.57 In our study, compared to the
control, a notable decrease (1.5 to 2-fold changes) in the
abundance of ergothioneine was observed after ZnO-NP
exposures, implying a nanospecific effect on antioxidative
activity and energy supply of E. crypticus. Riboflavin is one of
the nutrients that could act as an antioxidant against oxidative
stress of organisms, especially lipid peroxidation. Some animal
studies have indicated that riboflavin status can affect the
activity of antioxidant enzymes including GSH-Px, SOD, and
CAT.58,59 In addition, riboflavin has been shown to be a
constituent of two coenzymes, flavin mononucleotide and
flavin adenine dinucleotide, which are involved in the energy
metabolism of organisms. It is thus speculated that the
downregulation of riboflavin in the present study played an
important role in ZnO-NP-introduced toxicity.
Perturbed Metabolic Pathways in E. crypticus
Exposed to ZnO-NPs and ZnCl2. It is generally acknowl-
edged that metabolite changes occurring at important positions
of biological networks cause more severe impact on the
pathways than the changes which occur in relatively isolated
positions.53 Here, metabolic pathway analysis revealed
significant perturbations of a total of 11 biological pathways
for different exposure groups (i.e., ZnO_2d, ZnO_7d,
ZnCl2_2d, and ZnCl2_7d) (Figure 6, Tables S8 and S9). All
four groups induced perturbation of three pathways, including
galactose metabolism, amino sugar and nucleotide sugar
metabolism, and glycerophospholipid metabolism. Both
ZnO_2d and ZnO_7d groups perturbed seven biological
pathways, of which five overlapped (galactose metabolism,
amino sugar and nucleotide sugar metabolism, glycerophos-
pholipid metabolism, glycolysis or gluconeogenesis, and
pentose phosphate pathway), two were specific to ZnO_2d
(histidine metabolism and glycerolipid metabolism), and two
were specific to ZnO_7d (glutathione metabolism and
pyrimidine metabolism). The ZnCl2_2d and ZnCl2_7d groups
induced perturbation of four and six pathways, respectively.
Glycerophospholipid metabolism, galactose metabolism, and
amino sugar and nucleotide sugar metabolism disturbances
were observed in both 2 and 7 d exposure groups. In addition,
pyrimidine metabolism was perturbed in ZnCl2_2d-exposed
groups, whereas the pentose phosphate pathway, starch and
sucrose metabolism, and phenylalanine, tyrosine, and trypto-
phan biosynthesis were affected in the ZnCl2_7d-exposed
groups. These findings indicate that responses to ZnO-NPs
and ZnCl2 at different exposure durations involve both
common and specific pathways, but, in general, the toxicity
of metal-based NPs may result from a synergistic action of the
metal ions and nanoparticles.19 Based on the involvement
frequency in metabolism pathways (Tables S8 and S9) and
biological function importance of metabolites, glucose-1-
phosphate, glycerol 3-phosphate, and phosphorylcholine
could serve as the potential biomarkers of different forms of
Zn exposure in E. crypticus.
Implications. The present study investigated the molec-
ular-level toxicodynamic processes of ZnO-NPs and ZnCl2 in a
soil sentinel species, E. crypticus using a high throughput
metabolomics approach. The results showed that exposure to
NPs under environmentally relevant concentrations caused
substantial metabolic toxicity, although visible symptoms were
not observed at these doses. The metabolic shifts of E. crypticus
in response to ZnCl2 were more pronounced than the
responses to ZnO-NPs at equivalent Zn exposures. More
evident metabolic reprogramming was observed with pro-
longed exposure time, especially for low-dose treatments. This
suggests that dose-response and time-series measurements are
essential for discovering modes of action of metal and metal-
based NPs. The nontargeted metabolomics, complemented by
the targeted analysis, revealed that Zn, both in nanoparticulate
and ionic form affected the antioxidant system, the membrane
protection, and the energy metabolism of E. crypticus.
Metabolites (30% of total SCMs) responding solely to ZnO-
NPs were identified, proving the existence of nanospecific
toxicity. Putative perturbed biological pathways were deter-
mined by impact analysis, providing insights into the
underlying mechanisms of toxicity of different Zn forms.
Further investigations into the activities of crucial enzymes
regulating the specific pathways or into the use of multi-omics
tools may help to confirm the results of the metabolic analysis.
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Nevertheless, metabolomics provides a direct and functional
measure of the organism’s response at the molecular level,
therefore accelerating the construction of AOPs of NPs. A
more practical insight that arises from omics-based studies is
related to the possibilities to develop new strategies and
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